Background: Left ventricular (LV) remodeling and activation of sympathetic nervous system (SNS) are cardinal features of heart failure. We previously demonstrated that enhanced central sympathetic outflow is associated with brain toll-like receptor 4 (TLR4) probably mediated by brain angiotensin II type 1 receptor in mice with myocardial infarction (MI)-induced heart failure. The purpose of the present study was to examine whether silencing brain TLR4 could prevent LV remodeling with sympathoinhibition in MI-induced heart failure.
Introduction
It has been demonstrated that activation of sympathetic nervous system (SNS) is one of the hallmarks of heart failure state, and the activation of SNS contributes to the worsening of mortality and left ventricular (LV) dysfunction [1] [2] [3] [4] [5] [6] [7] [8] [9] . In heart failure, accumulating evidence suggests that inflammatory cascade in central nervous system is one of the important pathways in the activation of SNS [10] [11] [12] . In the inflammatory cascade, nuclear factorkappa B (NF-kB) is a predominant regulator for inflammatory cytokines. Thus, the signaling of NF-kB has been considered to be important in the central nervous system of heart failure [13, 14] .
Inflammatory response is usually associated with the activation of innate immunity [15] . Toll-like receptor (TLR) and interleukin 1 (IL-1) receptor share a common signaling pathway leading to NF-kB activation and proinflammatory cytokines. TLRs are considered to be family of conserved pattern-recognition receptors that are linking of immune and inflammatory process [15] [16] [17] . After the stimulation with a ligand, the TLRs relay a signal via myeloid differentiation primary response protein 88 (MyD88) that is the common signal adaptor molecule, and trigger the downstream stimulation of NF-kB and the induction of genes that encode proinflammatory cytokines. Recently we demonstrated that TLR4 and MyD88 were increased in brainstem of myocardial infarction (MI)-induced heart failure, and that intracerebroventricular (ICV) injection of angiotensin II type 1 receptor blocker prevented LV remodeling with sympathoinhibiton and reduction of TLR4 in brainstem [10] . These results suggest that TLR4 and MyD88-mediated inflammatory responses in brainstem would be involved in the mechanisms of LV remodeling associated with brain angiotensin II type 1 receptorevoked sympathoexcitation in MI-induced heart failure [10] . However, it has not been clarified whether direct inhibition of brain TLR4 could prevent LV remodeling with sympathoinhibition in MI-induced heart failure or not, because the no suitable direct inhibitor of TLR4 has been available.
Considering these backgrounds, in the present study, we examined whether silencing brain TLR4 by ICV injection of TLR4-SiRNA could prevent LV remodeling with sympathoinhibition in MI-induced heart failure or not.
Results
Effect of TLR4-SiRNA In Vitro and In Vivo Figure 1 showed the expression of mRNA and protein of TLR4 in C6 cell line to identify the knockdown efficacy of different SiRNAs. These results suggested that SiRNA-2 was the most effective for knockdown of TLR4. Therefore, SiRNA-2 was used for further in vivo study. Figure 2 showed the time course of the expression of TLR4 protein in brainstem of MI-induced heart failure treated with TLR4-SiRNA, treated with hGAPDHSiRNA, and sham in vivo. The degree of the increases in the expression of TLR4 in MI-induced heart failure treated with hGAPDH-SiRNA was similar with that in MI-induced heart failure mice treated with no virus examined in our previous study [10] . Because the term of partially silencing of TLR4 in the brainstem was about 3-5 day in vivo (Figure 2 ) and ICV injection of TLR4-SiRNA once did not change LV remodeling (data not shown), we injected TLR4-SiRNA or hGAPDH-SiRNA twice in 2 weeks (at 10 and 17 day after the coronary ligation) to determine the effects of silencing TLR4 in brainstem for 2 weeks on LV remodeling.
Effect of ICV Injection of TLR4-SiRNA on Body Weight, Organ Weight, Infarct Size, Hemodynamics, and Activation of SNS Table 1 shows the values for body weight (BW), organ weight, echocardiographic data, and hemodynamics. BW, lung, and heart weight were significantly lower in MI-induced heart failure treated with TLR4-SiRNA than in that treated with hGAPDH-SiRNA for 2 weeks. In histological analysis, infarct size was similar in MIinduced heart failure treated with TLR4-SiRNA and that treated with hGAPDH-SiRNA for 2 weeks. In cardiac echocardiography, LV diastolic and systolic dimension (LVDD and LVDS) was significantly smaller, and LV ejection fraction (LVEF) and cardiac output were significantly higher in MI-induced heart failure treated with TLR4-SiRNA than in that treated with hGAPDHSiRNA for 2 weeks. LV percent fractional shortening (%FS) was not different between in MI-induced heart failure treated with TLR4-SiRNA and that treated with hGAPDH-SiRNA for 2 weeks. In hemodynamics data measured by Miller catheter, LV end-diastolic pressure (LVEDP) was significantly lower in MIinduced heart failure treated with TLR4-SiRNA than in that treated with hGAPDH-SiRNA. Maximum rate of rise of LV pressure (LV dP/dt max , parameter of LV systolic function) was significant higher, and highest rate of decline in LV pressure (LVdP/dt max , parameter of LV relaxation and ventricular filling) was significantly lower in MI-induced heart failure treated with TLR4-SiRNA than in that treated with hGAPDH-SiRNA for 2 weeks. 24-hour urinary norepinephrine excretion was significantly lower in MI-induced heart failure treated with TLR4-SiRNA than in that treated with hGAPDH-SiRNA for 2 weeks (Figure 3) . Figure 4 showed the expressions of proinflammatory cytokines in brainstem. The expressions of IL-1b, TNF-a, and IL-6 were significantly higher in MI-induced heart failure treated with hGAPDH-SiRNA than in sham ( Figure 4A ). The expression of TLR4 in brainstem was significantly lower in MI-induced heart failure treated with TLR4-SiRNA than in that treated with hGAPDH-SiRNA for 2 weeks, as expected ( Figure 4B ). The expression of TNF-a was significantly lower in MI-induced heart failure treated with TLR4-SiRNA than in that treated with hGAPDH-SiRNA for 2 weeks ( Figure 4B) . However, the expressions of IL-1b and IL-6 were not different between in MIinduced heart failure treated with TLR4-SiRNA and that treated with hGAPDH-SiRNA for 2 weeks ( Figure 4B ).
Effect of ICV Injection of TLR4-SiRNA on Expression of Proinflammatory Cytokines

Discussion
The novel finding of the present study is that partially silencing brain TLR4 by ICV injection of TLR4-SiRNA for 2 weeks inhibited enhanced central sympathetic outflow and in part prevented LV remodeling in rats with MI-induced heart failure. In addition, ICV injection of TLR4-SiRNA reduced TNF-a level in brainstem. These findings suggest that brain TLR4-mediated inflammatory cascade might exacerbate in part LV remodeling with sympathoexcitation in MI-induced heart failure, and that brain TLR4 has a potential to be a target of the treatments for LV remodeling in MI-induced heart failure.
Recent several reports have suggested the possibility that the treatmenst for central inflammatory cascade could cause sympathoinhibition and improve cardiac function in heart failure [12] [13] [14] . Central inflammatory cascade has been considered to activate SNS [11] [12] [13] [14] 18] . Furthermore, evidences have emerged the implication of the involvement of cytokines in cardiovascular diseases, such as hypertension and heart failure [19, 20] . Among the inflammatory cascade, TLRs signaling plays an important role in immune response to pathogens [15] . TLR4 is expressed in microglia and astrocytes [21] . We previously demonstrated that TLR4 expression levels and activity (Myd88 as a marker) are increased in brainstem of MI-induced heart failure, and that blockade of brain angiotensin II type 1 receptor decreased brain TLR4 with the attenuation of LV remodeling and sympathoexcitaion [10] . Although we did not investigate direct ligand for TLR4 in the previous studies, we considered that there would be a connection between brain angiotensin II type 1 receptor and brain TLR4 in mice with heart failure [10] . The results obtained in the present study are compatible with these previous reports. Moreover, because TLR4 in brainstem was partially silencing in the present study, this finding suggests that partially silencing brain TLR4 causes sympathoinhibition with the prevention of LV remodeling in MI-induced heart failure through the reduction of brain proinflammatory cytokines. Importantly, systemic infusion of TLR4-SiRNA in same dose could not produce the same results with the ICV injection of TLR4-SiRNA (data not shown). Although we did not check the effect of the ICV injection of TLR4-SiRNA on plasma and/or heart cytokines, we consider that brain TLR4-mediated inflammatory cascade might be involved in LV remodeling with sympathoexcitation in MI-induced heart failure.
Abnormal activation of SNS is associated with the prognosis of heart failure and beta-blocker therapy has significant benefits on the survival of heart failure [1] [2] [3] [4] [5] [6] [7] [8] [9] . Furthermore, activation of SNS is closely associated with LV remodeling after MI, because previous many studies have clarified that chronic beta-blocker therapy improves LV performance and reverses LV remodeling [22] [23] [24] [25] [26] [27] . In the present study, ICV injection of TLR4-SiRNA reduced LV dimension and LVEDP, and improved LVEF and cardiac output with sympathoinhibition in MI-induced heart failure. Moreover, ICV injection of TLR4-SiRNA also improves LV dP/dt max and LV 2dP/dt max with sympathoinhibition. These results suggest that partially silencing brain TLR4 improves LV performance such as LV contraction, relaxation, and ventricular filling via prevention of LV remodeling associated with sympathoinhibition in MI-induced heart faiure. Although there are possibilities that partially silencing TLR4 would affect plasma and heart cytokines and exacerbate smaller damages to heart independent of sympathoinhibition, we consider that partially prevention of LV remodeling in the present study would mainly obtained by sympathoinhibition directly. In a future, we would like to determine the effects of partially silencing brain TLR4 on cardiac fibrosis, because %FS is often correlated with fibrosis [28] and the release of catecholamines by the activation of SNS at the heart level is known to induce cardiac fibrosis [29] . In addition, we also should determine sarcoplasmic reticulum Ca 2+ (SERCA2) content, because LV -dP/dt max is directly linked to SERCA2 content [30] .
We did ICV injection of TLR4-SiRNA twice in 2 weeks (10 and 17 day after coronary ligation), because the effective time of TLR4-SiRNA used in the present study continued for around 4 days. As shown in Figure 2 , at day 1 after ICV injection of TLR4- SiRNA, the expression and activity of brain TLR4 were significantly lower in MI-induced heart failure treated with TLR4-SiRNA than in that treated with hGAPDH-SiRNA, and partially silencing brain TLR4 was continued for around 4 days. From these results, we considered that ICV injection of TLR4-SiRNA twice in 2 weeks could inhibit brain TLR4 for almost 2 weeks. However, among brain proinflammatory cytokines, IL-1b was not significantly decreased by ICV injection of TLR4-SiRNA. Actually, previous several studies suggested that brain IL-1b is increased in heart failure, and are involved in the mechanisms of sympathoexcitation [13] [14] [15] 21] . The discrepancy between our and previous results might be due to the other pathway of stimulating inflammatory cytokines except TLR4. The further examinations to clarify the upstream and downstream of brain TLR4 in MIinduced heart failure are necessary.
We should discuss about the mechanisms in the prevention of LV remodeling by partially silencing of brain TLR4 and implications of the results in echocardiography, because both of silencing brain TLR4 and benefits on LV remodeling were partial and superficial, and there is a discrepancy between several parameters of LV function. With regard to the mechanisms, we could not clearly demonstrate and determine the relationship between the effects of systemic and brain TLR4. We could propose just only the potential relationship between TLR4 in brainstem, sympathetic nerve activity, and LV remodeling in MIinduced heart failure. In addition, we did not check the effects of silencing brain TLR4 in sham. To examine these issues, in a future we should do chronic and brain-specific knockdown of TLR4 in sham and MI-induced heart failure, for example by Cre-Lox P system. Moreover, previously we demonstrated that ICV injection of angiotensin II type 1 receptor blocker prevent LV remodeling associated with sympathoinhibition and decreased TLR4 in brainstem of MI-induced heart failure mice [10] . Combined the previous and the present study, we could consider that brain angiotensin II type 1 receptor might exacerbate sympathoexcitation and LV remodeling through TLR4 in brainstem of MIinduced heart failure. However, it has not been clarified whether angiotensin II and/or angiotensin II type 1 receptor and TLR4 have a link in brain or not. Further studies should be done to clarify the link between angiotensin II and TLR4 in vivo and vitro study. In the aspects of cardiac echocardiography, there are discrepancies between the parameters of LV function in the present study. We consider that the discrepancies would be made because of the methodological limitations of echocardiography in rats. ICV injection of TLR4-SiRNA improves LV dP/dt and LVEDP, not infarct size and LV fractional shortening. We consider that infarct size and LV fractional shortening are varied data, and the benefits on LV dP/dt and LVEDP are meaningful to a greater extent than infarct size and LV fractional shortening. Moreover, we demonstrated that ICV injection of TLR4-SiRNA improves LVEF and cardiac output. Taking all, we consider that ICV injection of TLR4-SiRNA could improve LV performance in MI-induced heart failure.
There are several limitations in the present study. First and the most important limitation is that we could not do the really ''silencing'' of TLR4 in brainstem by ICV injection of TLR4-SiRNA in the present study. Although we tried to do the silencing of TLR4 by TLR4-SiRNA in higher doses, the expression of TLR4 in brainstem could not really silenced (data not shown). Because the aim of the present study was to decrease TLR4 in brainstem, we accepted ICV injection of TLR4-SiRNA. However, it is not really ''silencing''. Second, we did not identify the area in the brain where the activation of TLR4 is occurred, and we also did not do the cite-specific silencing TLR4 for a longer period, especially at the nucleus involved in the cardiovascular regulation. Because of these limitations, we could not determine the benefits of silencing brain TLR4 on the survival. To clarify these issues, we should do really silencing brain TLR4 for several months by other methods in a future. Finally, we still did not find direct ligands for brain TLR4 in heart failure. Further studies are needed to clarify these important questions.
Conclusion
The present study suggests that brain TLR4-mediated inflammatory cascade, probably not in plasma and heart, might in part exacerbate LV remodeling with sympathoexcitation in MIinduced heart failure. Although the prevention of LV remodeling and/or sympathoinhibition are necessary in the treatments for MIinduced heart failure and previous many studies have already revealed the pharmacological benefits of several agents, it is also true that we could not prevent MI-induced heart failure via LV remodeling sufficiently. The role of TLR4 in maladaptive MIinduced LV remodeling has been considered to be via inflammatory cytokine production and matrix degradation in heart [31] . Whereas now we have no available methods to inhibit or silencing brain TLR4, the present study provides the important clinical perspectives that brain TLR4 might have a potential to be a new and novel target of the treatments for MI-induced heart failure via prevention for LV remodeling additional to the usual treatments.
Methods
Animal
The study was reviewed and approved by the Committee on Ethics of Animal Experiments, Kyushu University Graduate School of Medical Sciences, and conducted according to the Guidelines for Animal Experiments of Kyushu University. Male Sprague-Dawley (SD) rats (250-300 g; SLC, Fukuoka, Japan) were purchased from SLC Japan (Hamamatsu, Japan).
Cell Culture
Rat cell-lines were cultured under conventional conditions. C6 cells (RIKEN bioresource, Japan) were cultured at 37uC and 5% CO 2 , in 10% Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS), 50 U/ml penicillin and 50 mg/ml streptomycin. For experiments, cells were plated on polystyrene cell culture dishes at a density of 3610 6 cells per 6-cm plate in 3 ml 10% FBS DMEM.
SiRNA Constructs
Three different SiRNAs were made against TLR4 of rat sequence (TLR4-SiRNA), and human GAPDH sequence for the negative control (Takara Bio, Shiga, Japan). The pBAsi vector was a plasmid vector containing a RNA polymerase III (pol III) promoter for expression of SiRNA. By inserting synthesized oligo DNA sequence for hairpin RNA into the downstream of the pol III promoter, SiRNA expression vector was constructed. The sequences are as follows: 1: 59-GACTTACAGTTTCTACGT-39; 2: 59-GAAGCTATAGCTTCACCAA-39; 3: 59-GCAGTTT-CAATCGCATAGA-39; hGAPDH: 59-CGGGAAGCTTGT-CATCAAT-39. Plasmids were purified on columns with a Qiagen kit and quantified by A 260 measurements. We used the plasmid vector at a concentration, 1 mg/ml in vitro and vivo.
Transfection of TLR4-SiRNA Expression Vector
Before transfection, the cells were plated at a density of 3610 6 cells in 6-cm plates. Transfection with SiRNA expression vector that is specific for TLR4 or hGAPDH gene was performed.
Induction of Myocardial Infarction-induced Heart Failure SD rats were induced MI by ligating left coronary artery as described previously [10] . Briefly, rats were anesthetized with sodium pentobarbital (50 mg/kg intraperitoneally) under mechanical ventilation, and the thorax was opened at left intercostals space, and the left coronary artery was permanently ligated with 5-0 silk. The chest was then closed and rats were allowed to recover. Sham rats underwent the same surgical procedure without ligation. After the experimental protocols, rats were euthanized with over dose pentobarbital. The brain was removed and immediately frozen on dry ice, and the lung and heart were removed immediately and weighted. Moreover, the heart was fixed with 10% formaldehyde and cut into three parts (apex, mid and base). Each section was sliced and stained with Masson's trichrome stain. Infarct length was measured along the endocardial and epicardial surfaces from the each LV sections. Infarct size was calculated as mean value of the infarct circumference divided by total circumference in each section (apex, mid and base) times 100. Rats with small MI size (,25%) were excluded from this study.
Intracerebroventricular Injection
At 10 day after MI or sham operation, we divided rats into two groups, treated with ICV injection of TLR4-SiRNA or hGAPDHSiRNA for 2 weeks. Prior at 10 day after coronary ligation, we could not do ICV infusion safely because the surgical procedures of the ICV infusion, involving anesthesia, are too hard for rats with MI-induced heart failure. In addition, we did ICV infusion again at 17 day after MI or sham operation. The rats were anesthetized with sodium pentobarbital (50 mg/kg intraperitoneally) and placed in stereotaxic instrument, and a small hole was drilled in the skull for ICV injection of TLR4-SiRNA using glass microsyringe in the right lateral ventricle (1.5 mm lateral and 1 mm posterior to the bregma, 3.8 mm in depth). 10 mg SiRNA dissolved in 10 ml water was administered for 5 minutes.
Hemodynamics Measurements
To evaluation of LVDS, LVDD, LVEF, and %FS, cardiac echocardiography was performed at the end of the protocol under light sodium pentobarbital anesthesia (50 mg/kg intraperitoneally) with spontaneous respiration. An echocardiography system (SSD5000; Aloka, Tokyo, Japan) with a dynamically focused 7.5 MHz linear array transducer was used. LVDD amd LVDS were obtained in M-mode tracings from the short-axis view at the level of the papillary muscle. LV end-diastolic volume (LVEDV) and LV end-systolic volume (LVESV) were obtained in twodimensional mode by taking the measurement of short-axis cross sectional areas (A) and LV length (L) (LV volume = 5/6AL, diastolic and systolic separately) [32] . LVEF was calculated by the following formula: LVEF = (LVEDV-LVESV)/LVEDV6100%. %FS was calculated as percentage in accordance with the following formula: %FS = (LVDD-LVDS)/LVDD6100(%).
To measure mean BP (mBP), LVEDP, LV dP/dt max , LV -dP/ dt max , and heart rate, at the end of the protocol, rats were anesthetized with sodium pentobarbital (50 mg/kg intraperitoneally followed by 20 mg/kg per hour intravenously) under mechanical ventilation to avoid the interference of the impairment of ventilation due to lung edema and anesthesia with hemodynamic condition. A Miller catheter was inserted into the right carotid artery for measurement of mBP and heart rate, and then was advanced across the aortic valve into the LV for measurement of LVEDP, LV dP/dt max , and LV -dP/dt max .
Evaluation of the Activity of SNS As described previously, we measured the 24-hour urinary norepinephrine excretion as a parameter of the activity of SNS [10, [33] [34] [35] .
Western Blot Analysis
Western blot analysis was performed to determine the expression levels of the TLR4 (1:250; Santa Cruz Biotechnology, CA) and MyD88 in brainstem as described previously [10, [33] [34] [35] .
Real-time Reverse-transcription PCR Analysis
Total RNA from brainstem was isolated using the ISOGEN (NIPPON GENE). cDNA was generated using the ReverTra Ace qPCR RT Kit (TOYOBO). Gene specific primers are as follows: TLR4: forward primer, 59CTCACAACTTCAGTGGCTG-GATTTA39; reverse primer, 5GTCTCCACAGCCACCA-GATTCTC'39; TNF-a: forward primer, 59ATACACTGGCCC-GAGGCAAC39; reverse primer, 59CCACATCTCGGATCATGCTTTC39; IL-1b: forward primer, 59CTACCTATGTCTTGCCCGTGGAG39; reverse primer, 59GGGAACATCACACACTAGCAGGTC39; IL-6: forward primer, 59ATTGTATGAACAGCGATGATGCAC39; reverse primer, 59CCAGGTAGAAACGGAACTCCAGA39; GAPDH: forward primer, 59GGCACAGTCAAGGCTGAGAATG39; reverse primer, 59ATGGTGGTGAAGACGCCAGTA39. These primers were purchased from Takara Bio (Shiga, Japan). Realtime PCR was performed using the ABI prism 7500 Sequence Detection System (Applied Biosystems, Foster City, Calif.). All data ware subsequently normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA level and expressed as mRNA relative fold change.
Statistics
Data are expressed as mean 6 SEM. The statistical analyses were performed by nonpaired t test when comparing data between the 2 groups. A one-way analysis of variance (ANOVA) for the multiple group of ICV injection of SiRNA experiments was performed. Differences were considered to be statistically significant at a P value of ,0.05.
